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Abstract: In simulations of the hydrodynamics of the multiphase flow in gas–
liquid systems with finite sizes of bubbles, the important thing is to compute 
explicitly the time evolution of the gas–liquid interface in many engineering 
applications. The most commonly used methods representing this approach are: 
the volume of fluid and the phase field methods. The later has gained significant 
interest because of its capability of performing numerical computations on a 
fixed Cartesian grid without having to parametrise these objects (Eulerian 
approach) and at the same time it allows to follow the interface ( for example 
bubble’s shape) that change the topology.  
 
In this paper, both numerical (phase field method) and experimental results for 
the bubble shapes underneath a downward facing plane is presented. 
Experiments are carried out to see the bubble sliding motion underneath a 
horizontal and inclined anode. It is assumed that the bubble formed under the 
anode surface is deformed (flattened) due to buoyant field before it goes around 
the anode corner. The bubble elongates to form a tail-like shape. The change in 
shape of the bubble is almost instantaneous and has a significant effect on the 
localised hydrodynamics around the bubble, which could influence the 
dynamics of the flow patterns in the Hall–Héroult cell. This deformation is the 
main cause of the bubble wake and the induced flow field in the aluminium cell. 
Various parameters such as bubble size, deformation and its sliding mechanism 
at different surface tensions are discussed and compared with experimental 
results.  
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Introduction 
 
Bubble flow in aluminium cells is a complex phenomenon due several factors such as 
magnetohydrodynamics forces, surface tension, buoyant field, current density, voltage fluctuations, 
convective forces due to temperature gradient, shape of anode, ACD and more importantly the 
electrolysis process itself. Gas is generated under the anode forms a relatively thin (about 4-5mm, up to 
10-12 mm under dynamic conditions) bubble-laden layer (Kiss, 2006). The bubbles escape around the 
edge of the anode, accelerating the liquid bath and inducing horizontal movement. Bubble population 
density under the anode surface increases with current density. Occasionally, bubbles coverage 
increases because of the higher “gas-hold up” rate which in turn reduces anode surface area leading to 
very high local current density. Higher current density has several implications such as sudden growth 
of thin gas layer around the anode, magnetohydrodynamics instabilities due to higher local 
perturbations, local joule heating and also the change in wettability of the electrode.   
However, the exact mechanism leading to the formation of this gas film, sliding of gas 
bubbles and the “gas-holdup” rate that may be different from case to case, is not known clearly. To 
date several experimental and theoretical works have been published on the bubble motion which 
actually never incorporated even one tenth of the actual complexity of Hall-Héroult process. This is 
because of the difficulty in modelling of two-phase flow in such dynamic condition and complex 
geometry at different length and time scale.  
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There are several techniques such as front tracking method (Unverdi, 1992), the volume of fluid 
method (Rider & Kothe, 1998), the Lattice–Boltzman method (Takada, Misawa, Tomiyama, & 
Fujiwara, 2000) and phase field methods (Sun & Beckermann, 2007, 2010; Takada, Misawa, & 
Tomiyama, 2006). The later has gained significant attention due to its capability of performing 
numerical computations on a fixed Cartesian grid without having to parametrise these objects (Eulerian 
approach), where the interface between two phases (i.e. bubble boundary) is assumed to be smooth 
boundary having a finite thickness. A non-conserved order parameter, the phase field, ϕ, is introduced 
to describe the phase transition across this boundary. It has constant values in the bulk phases (from 
+ve 1 to –ve 1) and varies smoothly across the interface boundary. One of the most important features 
of the phase-field method is that all governing equations can be solved simultaneously without any a 
priori knowledge of the location of the interfaces. However, on the other hand, it is required to have an 
extremely thin interface to model all the relevant physical phenomena. Due to the existence of large 
gradients across the this interface Cahn–Hilliard/Navier–Stokes system (Badalassi, Ceniceros, & 
Banerjee, 2003)is used. 
In this study, bubble formation underneath a horizontal and/or inclined plate was considered 
with a continuous supply of air. The effect of flow rates and surface tension were the main parameters 
investigated.  Water and olive oil were used to investigate the effect of surface tension. Moreover, the 
size and shape of the bubbles were investigated experimentally using a high speed camera and the 
phase field method  was used to analyse the bubble interface numerically using commercial FEA code, 
COMSOL Inc. (Liu, Herman, & Mewes, 2006). Thus, in this paper, both numerical and experimental 
results are presented to show the bubble sliding/deforming under the anode surface. 
 
Numerical Model 
The time evolution the diffusive interface profile of phase field function   is governed by the Cahn–
Hilliard equation: 
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where   is the mixing energy density (N) with the dimension of force (Jacqmin, 1999),  (m) is a 
capillary width  that scales with the diffuse interface width and the mobility parameter is defined as 
 (m3s/kg).  
 
Where 
( ) 122                 (2) 
 
The mobility, in equation 1, determines the time scale of the Cahn-Hilliard diffusion and must be large 
enough to retain a constant interfacial thickness but small enough so that the convective terms are not 
overly damped (Takada, et al., 2006). 
 
The conservation mass and momentum equation with surface tension (Fst) and gravity force can be 
written as: 
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Where density and viscosity are computed using volume fraction ( fV ) of surrounding fluid 
( ) fV121              (5) 
( ) fV121              (6) 
 
Therefore equations 1 to 6 form the governing equations for our two-phase numerical analysis. 
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Experimental Setup 
 
Experiments were conducted in a 0.18 × 0.15 m Perspex square tank of height 0.15 m. Bubbles were 
generated through a 2 mm (0.002 m) diameter orifice, under a horizontal plate at a controlled rate of air 
injection using a peristaltic pump. A digital inclinometer is used to adjust the plate position. A 
schematic representation of the experimental setup as well as the actual rig is shown in the figure 1. 
 
(a) 
 
(b) 
Fig. 1   (a) Schematic representation of the experimental rig and (b) the photograph using PHOTRON 
camera 
 
Results and Discussion 
 
Experimental Results 
Different flow rates of air injections ranging from 0.06 ml/s to 0.48 ml/s were used in both 
experimental and numerical analyses. The shape of the bubble was studied using a high speed camera 
(FASTCAM-APX RS 250KC). The camera was placed on an automatic levelling shock-proof platform 
with precise x and y axes control. This enabled us to minimise the parallax error to a large extent. 
Figure 2(a) shows the bubble formation underneath a downward facing horizontal surface. 
The bubble evolves from a spherical shape and gradually flattens with gravity. The bubble thickness 
increases rapidly, indicating a severe change in aspect ratio of the bubble. The bubble base only gets 
bigger without change in thickness (Das, Morsi, Brooks, Chen, & Yang, 2012). The factors that 
ANODE 
AIR BUBBLE 
POROUS  MEDIUM 
WATER 
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influence the bubble forming are the gravity field, the force FP due to the pressure inside the bubble and 
forces that cause the bubble to attach to the surface as shown in the figure 2(b).  
 
( )cPc FrF    cossin21           (7) 
( )gVFF glB     2        (8) 
 
F1 and F2 both act vertically upward. Thus the criterion of detachment for the bubble is not 
satisfied when it grows underneath a horizontal surface (perfectly horizontal). This is main reason why 
the bubble begins to flatten after it has reached a certain thickness due to the influence of the gravity 
field. It is to be noted that a significant layer of stationary air begins to form at the top part of flatten 
larger bubble. This is because the gas flow rate causes only lateral movement at the base. 
 
  
(a)                                                              (b) 
Fig. 2 Bubble formation under a flat horizontal anode 
 
When the bubble approaches the anode corners (see figure 0) it forms a tail like structure as shown in 
figure 3. The bubble movements around the corner are shown at 0.015 seconds apart.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 Bubble movements at the anode corner 
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However, for inclined anode, bubble detaches and begins to slide along the path when the 
buoyancy exceeds the surface tension force. Figure 4 shows the sliding patterns of the bubble when 
generated under a surface with inclination angle of 2 degree. Both water and olive oil are used in the 
experiment. The figure shows the rate of air injection at 0.06 ml/s for both cases. The images are 
plotted ate 0.01 s apart. It is apparent from the figure that the bubble gets flatten more in water than in 
olive oil. Different air injection rates with different inclinations (2o to 20o) are also considered. Because 
of the inclination of an orifice plate, the dynamic contact angle (θ) is not a single number at any instant 
of time of the bubble formation. The contact angle keeps on changing as bubble grows. Thus the shape 
of the bubble also changes depending upon flow rate and the inclination. At lower inclination, the 
shape changes to ellipsoid. At higher inclinations, the bubble tends to detach much earlier resulting 
smaller size. Figure 5 shows a comparison of bubble sizes in two different fluids (water and olive). It 
can be seen that bubble size in olive oil is much smaller than that of water, which is due to the 
influence of surface tension.  Thus surface tension and the inclination angle have strong influence on 
the detachment and size of the bubble. At 20o deg inclination, detachment time decreases significantly 
resulting much smaller bubble in size, which is mainly attributed to the dominance buoyancy force and 
the non-wetting behaviour (contact-angle) of the surrounding fluid with the solid surface.  
 
  
                         (a)                                                                 (b) 
Fig. 4. Bubble formation on downward facing surface submerged in (a) water and (b) Olive oil   
(surface inclination = 2 deg.) 
 
 
  
(a)                                                                  (b)  
 
Fig. 5 Bubble formation on downward facing surface submerged in (a) water and (b) Olive oil   
(surface inclination = 4 deg.) 
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The bubble translates into an ellipsoidal shape with a circular frontal nose and elongated tail 
during the detachment. Several researchers (Addlesee & Cornwell, 1997; Aussillous & Quere, 2002; 
Perron, Kiss, & Poncsák, 2006) reported that there is a thin wetting film between the bubble and 
surface, which may be attributed to this non-wetting behaviour of the bubble. 
 
Numerical Model 
 
The numerical simulation is carried out using Cartesian grid using triangular elements. The 
minimum element size, in general, 0.002 cm depending upon the size of bubbles. No slip boundary 
conditions are applied on all walls with a symmetric boundary condition at the left side of the domain. 
Gravity is applied in the entire domain, which induces the buoyancy force on the bubble. A nozzle of 
diameter 2 mm is used to inject gas (air) to form bubbles. The inlet of the nozzle is modified to avoid 
computation difficulty. Figure 6 shows a schematic representation of the computational domain for 
inclined anode. The phase field method typically requires an accurate initialization to avoid any 
overshoots or undershoots at the interface between the phases. Figure 6 represents the initialisation of 
phase field function at t = 0, where both phases (gas and liquid) are represented by their respective 
densities.  
 
 
Fig. 6 Schematic representation of the computational domain 
 
As mentioned above, the bubble nucleating under the horizontal anode surface moves toward 
the anode edge and escapes when it is large enough. Detachment criterion is never satisfied with pure 
gravitational field for bubble nucleating underneath of a horizontal field. Thus, the bubble that 
nucleated and/or formed near the anode edge is considerable larger and may have undergone a severe 
deformation before it escapes from the anode cover. The differential force that the bubble experiences 
due to change in shape while adhering the anode wall is a function of surface tension, the deforming 
contact angle and the equivalent radius.  
 
Fig. 7 The phase field function, ϕ (Bubble contour), at different time steps for horizontal anode 
 
For an inclined, the bubble evolves spherically and gradually translates along the bottom face 
of the anode while gradually deforming to an ellipsoidal shape. The deformation of the bubble can be 
attributed to a balance of the surface tension, gravity and drag forces. In general, when the bubble 
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begins to grow, the surface tension force tends to minimise the stretching ratio while the drag force 
opposes the motion due to an adverse pressure gradient. The predicted streamline plot around the 
bubble profile clearly illustrates the existence of adverse pressure gradient all around the bubble except 
at the frontal nose of the bubble. Figure 8 shows the predicted bubble growth at different time steps. 
 
 
 
 
 
 
 
Fig. 8 Bubble sliding underneath an inclined plane at Δt = 0.3 s. 
 
The model predicts that a bubble changes it shape during its detachment. The gravity 
component parallel to the incline plane is the main cause of the bubble drifting along the incline plane 
while the perpendicular component flattens the shape of the bubble. Under such conditions, the 
thickness of the front of the bubble is bigger than that of the rear part. Fortin et al. (Fortin, Gerhardt, & 
Gesing, 1984) and Caboussat et al. (Caboussat et al., 2011) reported similar observations for large 
t = 3.9 s 
t = 4.5 s 
t = 4.8 s 
t = 5.1 s 
t = 5.4 s 
t = 5.7 s 
Ф=0, bubble profile 
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bubbles under inclined planes. The bubble elongates due to the formation of the tail. The maximum 
displacement is predicted when the tail detaches from the orifice. The tail moves instantaneously (t = 
5.7 s, Fig. 8), creating a negative pressure at the trailing side of the bubble. This negative pressure is 
the main source of the turbulence that could be created underneath an inclined surface.  
 
Fig. 9  Bubble formation at higher inclination (  = 10o) 
 
Figure 9 shows the predicted bubble formation, detachment and sliding behaviour along the inclined 
path for the case,   = 10o.   After detachment the bubble changes its shape rapidly. The change in shape 
after the detachment may be the main cause the onset of localised flow surrounding the bubble.   
 
Conclusion 
 
A numerical scheme of phase field method has been used in to track the motion of the interface for 
buoyancy-driven droplets. The model uses cold model to depict the hall-héroult process. The findings 
here demonstrated that despite the inherent disadvantage of the phase field  method of mass non-
conservation, it is quite capable of tracking the bubble by implementing re-initialization with 
appropriate phase field variable. More importantly the technique can extended to a real application of 
hall-héroult process where one can think of using the porosity that impact the bubble motion (slip 
boundary or wet ability), convective flow due to temperature gradient and oscillatory boundary of the 
metal pad and the electric field which has dominant effect on the bubble flow.  The predicted results of 
a phase field model of bubble detachment phenomena at single top-submerged orifice under constant 
inflow conditions were validated with experimental data obtained for an air bubble detachment under 
an inclined surface immersed in both water and olive oil. The influence of inclination angle on bubble 
shape and its detachment is studied. The results show that most of the localised phenomena are 
associated with bubble shapes-change during its detachment it detachment from the origin of 
formation. 
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